Introduction
In the recent past, biocompatible polymers have attracted strong attention as materials for medical applications. For instance they are attractive for micro-implants since their properties can be varied by synthetic methods and adopted to specific needs. In such applications precise machining of the polymer is a prerequisite. While laser machining of steel has proven to be a suitable method and is now in a very mature state, laser processing of polymers for medical applications is a developing technology. The advent of laser systems generating ultrashort pulses has enabled many new opportunities in the field of laser machining [1] . Due to the short pulse length very high intensities are achieved even with low pulse energies. The local interaction of the laser radiation with the irradiated material and the resulting ablation processes are very efficient due to the large peak intensities [2] . At the same time heating effects can strongly be reduced compared to longer pulses. Heating depends mostly on the total absorbed energy which is much lower in the case of ultrashort pulses. Therefore, in many cases machining with femtosecond lasers leads to superior results compared to nanosecond or continuous wave lasers. Ultrashort laser pulses are particularly advantageous for processing materials which are transparent in the visible and the near infrared spectral region. In these materials the high peak laser intensity leads to an interaction dominated by multiphoton processes. This also holds for most polymers: While machining with nanosecond lasers results in bubbles and crumbled edges, high precision can be achieved using ultrashort laser pulses [3] . However, concerning precision the shortest pulses might not be the best ones. It has been shown that in the case of dielectrics the use of femtosecond pulses with third order dispersion can result in holes with extremely small diameter [4] . The influence of the actual pulse shape is obviously not trivial and deserves attention to optimize the machining process. In the recent past pulse shapers became available which allow to synthesize almost arbitrary pulse shapes. This opens a new parameter space for adopting the laser matter interaction to specific needs. Our goal is to explore this parameter space and to find optimal configurations for the machining of biocompatible polymers with respect to their application in micro-implants.
Methods
As an example for biocompatible polymers we used a 100 µm thick film of the biodegradable polymer PLLA (poly(L-lactide)). At the moment this or related materials are intensively studied for application in stents. The chosen thickness corresponds to the typical width of stent structures. As source for the ultrashort laser pulses serves a regenerative Ti:Sapphire amplifier system providing 50 fs long pulses at a center wavelength of 800 nm with a repetition rate of 1 kHz. The dispersion and temporal structure of the pulses are varied and controlled by a pulse shaper [5] . It is based on a liquid crystal mask which is placed in the Fourier plane of a 4-f setup. In principle, it can transform the original pulses to highly structured ones with a total duration of about two picoseconds consisting of 50 fs long substructures. Here we report our first studies on polymers. Only the quadratic dispersion has been varied. A combination of a rotating and an electromechanical shutter allows the selection of a specific number of laser pulses. Their energy is adjusted by a polarizer. The pulses are focused onto the sample by a lens with a focal length of 50 mm. The sample can be moved by linear stages in all three dimensions. Fig. 1 depicts a hole created by the application of 20 pulses, each with an energy of about 2 µJ and a duration of 50 fs. The light microscope image shows that the generated hole has a clear and precise edge. No bubbles can be observed which would be typical for machining with pulses in the nanosecond regime. Small droplets on the surface result from material which was expelled as plasma or gas, condensed, and fell back to the surface. No indications are found that melting of the material beyond the light-matter interaction region occurs. This indicates that the material keeps more or less its original morpholo-gy and properties also in the direct vicinity of the hole. These tests already show that laser machining with femtosecond pulses is suitable for PLLA or related polymers. In order to demonstrate the feasibility to cut structures out of a solid material, the sample has been moved with constant speed perpendicular to the laser focus. For the selected speed the focal spots of successive laser pulses overlap to some extent. Fig. 2 shows the obtained result. In part (b) of the figure the laser spot has been moved 20 times across the sample. The resulting cut is straight with sharp edges although not perfectly homogenous. Next to the exposed region again small droplets of expelled material can be found. Clearly no bubbles are formed and the melting zone is restricted to the interaction region. The larger cavity at the right of the cut is a result of the turning point of the sample movement. At this position the number of interacting laser pulses is larger since the speed of the sample is reduced. In part (a) of the figure the laser beam has only been moved once across the sample in one direction, thus creating the dark spot on the right at the end position of the movement. Despite moving the laser spot only once across the sample the processed path is already slightly visible. To investigate the impact of the pulse shape on the machining first experiments with shaped laser pulses have been performed. By increasing the quadratic dispersion the pulse duration has been changed from 50 fs to 1 ps. This leads to a continuous reduction of the interaction efficiency indicating that high intensities and field strengths are crucial factors to process the polymer. Experiments with double pulses show no dependence on the interpulse separation for values between 100 fs and 1 ps. This might indicate that relevant relaxation and energy redistribution processes occur on either shorter or longer time scales.
Results and Discussion

Conclusions
The results show that PLLA and related polymers can be machined well by femtosecond laser pulses. Extensive melting and bubble formation which are typical for machining with longer pulses are efficiently suppressed. It seems to be a promising route for the fabrication of micro-implants based on biocompatible polymers. First experiments with shaped pulses indicate that the peak intensity is indeed a key parameter for the efficiency of the laser-matter interaction. However, the influence of the actual pulse shape is not yet clear and subject to further investigations.
